The bioactivity of humic acids (HA) is mainly due to the presence of auxin analogs. In turn, nitric oxide (NO) production in plants affects root growth and may result from endogenous auxin production or the application of synthetic auxin analogs or HA. Nitric oxide signaling may be related to the bioactivity of the HA. Although the auxin, NO, and ROS-mediated activity of HA has been studied, no studies exist on their effects in Ocimum basilicum L., commonly known as basil. A study under controlled in vitro conditions was performed using hairy roots (hairy roots) of basil grown in medium with N- ) or sodium nitroprusside (SNP; 100 µM), an NO donor, either without or with 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO; 200 µM), an NO scavenger. The addition of HA and SNP resulted in significant increases in the root growth, associated with increased NO and reactive oxygen species (ROS) contents. The application of the NO scavenger cPTIO with the SNP and HA decreased the effects of both substances on the root growth and endogenous levels of the NO and ROS. The increased root growth promoted by the NO donor (SNP) and HA was also associated with increased proton pump and catalase activity for both N-
Introduction
Plant adaptation and survival under adverse conditions may be directly related to the ability of roots to respond to several factors, such as water, light, and nutrient availability. Regarding plant adaptation and survival, roots may adapt to adverse conditions due to their high plasticity, being able to induce the initiation of root primordia, resulting in the emission of lateral roots to better explore the available environmental resources [1] .
Nitrogen (N) is widely recognized as being an essential element for plant growth [2] . In agricultural and aerobic soils, nitrate (
NO
− ) is the main N source and plays a crucial role in root growth [3] . Its uptake by roots depends on specific plasma membrane transporters, enzyme activity for N reduction and assimilation, and energy availability for both processes [4] .
The cellular and molecular bases of the action of humic acids (HA) in plant 3 NO − uptake are not fully understood. However, studies indicate that HA stimulate the activity and promote the synthesis of plasma membrane H + -ATPases, having similar effects to auxin, a plant hormone that acts on the different pathways involved in plant development [5] [6] . Humic acids, together with humins and fulvic acids, compose the humic substances (HS), which constitute the largest part of soil organic matter [7] . Studies have confirmed the association of HS with exogenous auxins, with both present in the environment, resulting in lateral root induction [8] .
The increased emission of absorbent hairs and lateral roots in response to HA is usually related to interactions among HA, auxin, and nitric oxide (NO) [9] [10] [11] . Nitric oxide plays a central role in the determination of the root morphology and developmental pattern [11] [12] [13] . [14] used an NO scavenger to prevent the formation of lateral and adventitious roots and root gravitropic response, indicating an important role of endogenous NO in mediating these processes.
Reactive oxygen species (ROS) production is traditionally considered part of the oxidative burst under conditions detrimental to plants [15] . However, evidence exists of specific roles of ROS in plant growth regulation and cellular signaling [16] and root growth [17] . Nitric oxide has been observed to be involved in HA-induced lateral root development and proton pump activation in corn roots [5] .
Several research groups currently study this subject, and although studies have investigated the auxin-, NO-, and ROS-mediated activity of HA, no studies have specifically focused on Ocimum basilicum L., commonly known as basil. In addition, the results reported concerning interactions among these compounds are [20] .
The aim of the present study was to clarify the role of HA in root growth, proton pump and catalase activity, and NO and ROS biosynthesis using the transformed basil (Ocimum basilicum L.) roots in a closed system in vitro.
Materials and Methods

Hairy Root
Transgenic basil roots produced by [21] (in press) were used. Basil explants originating from in vitro cultures were infected with laboratory-produced Agrobacterium rhizogenes strain R1601, containing gene npt II under the control of the CaMV 35S promoter, obtained from the Federal University of Viçosa.
Extraction and Composition of Humic Acid (HA)
Humic substances (HA) were extracted as described by the International Humic Substance Society [22] , isolated from haplic histosols (located in Pinheiral, Rio de Janeiro-Brazil), collected at 0.00 -0.20 m depth. In brief, 10 volumes of 0.5 M NaOH was mixed with one volume of soil under an N 2 atmosphere. After 12 h, the suspension was centrifuged at 5,000 xg and acidified to pH 1.5 using 6 M HCl.
Solubilization and precipitation of the HA were repeated three times, and the last pellet was mixed with 10 volumes of a diluted mixture of HF-HCl solution (5 mL·L −1 HCl 12 M + 5 mL·L −1 HF 48%, v/v). After centrifugation (5,000 xg) for 15 min, the sample was repeatedly washed with water until a negative test against AgNO 3 was obtained, followed by dialysis against deionized water using a 12 -14 kDa cutoff membrane (Thomas Scientific, Swedesboro, NJ, USA). The dialyzate was lyophilized and characterized chemically, and the HA powder was solubilized with 50 to 100 mL of 0.05 M NaOH, with the final pH being adjusted to 5.5 with 0.1 M HCl.
The elemental composition was determined using a CHN Perkin-Elmer Auto analyzer (Perkin-Elmer, Foster City, CA, USA). Total acidity (Ba(OH) 2 method) and carboxylic acidity (Ca(OAc) 2 method) were determined, followed by potentiometric titration. The E4/E6 ratios were determined by dissolving 1 mg of HA in 5 mL of 0.05 M NaHCO 3 , with the final pH being adjusted to 8.3 with NaOH.
The absorbances at 465 nm and 665 nm were measured on a Shimadzu spectrophotometer (Shimadzu, Kyoto, Japan). The ratio between these absorbances corresponded to the E4/E6.
Plant Growth and Treatments
Thirty-five days after transplanting (DAT), the solution was changed, and the hairy roots were placed in modified minimal medium (MM) without N- GS activity was determined according to the methodology described by [28] .
Samples of root tissue (1 g FM) were macerated in liquid N 2 . Next, 8 mL of imidazole-HCl buffer pH 7.5, 0.1 M MgSO 4 , and mercaptoethanol were used to homogenize the samples. Then, the homogenized samples were strained through gauze, and the filtered samples were stored in centrifuge tubes immersed in an ice bath. Afterwards, the samples were centrifuged at 15,000 xg for 15 min at 0˚C, and the supernatant was collected and stored on ice. Catalase activity was determined according the methodology described by [29] . 
Proton Pump Activities
The isolation of plasmalemma and tonoplast vesicles was performed according to the methodologies proposed by [31] , with some modifications. and centrifuged at 105,000 xg for 2 h at 4˚C. The plasmalemma and tonoplast vesicles were separated by flotation density, forming bands that could be collected and diluted in suspension medium in a 2:1 proportion (medium:band).
These separate fractions were subjected to a 105,000 xg centrifugation for 40 min at 4˚C. The supernatant was discarded, and the precipitate was resuspended in 1 mL of suspension medium. Proteins were frozen in liquid N 2 and stored at −25˚C for subsequent analysis. The protein concentration was determined according to [32] , using bovine serum albumin as a standard.
The activity of the proton pumps plasmatic membrane P-H + -ATPases, 
NO and Oxygen-Reactive Species (ROS) Production
To visualize NO and ROS production in vivo, segments of root apices were isolated and placed in 12-well culture plates (four segments/well) that contained different treatments with HA (3 mM carbon) and SNP (100 µM), either com- ROS analyses were performed according to [33] . 
Statistical Analysis
The data were analyzed by performing an ANOVA and the Scott-Knot test to determine the differences between treatments and controls (P < 0.05 was considered statistically significant).
Results
The growth rates of the hairy roots of basil increased 210% and 180% for the HA Both the HA and SNP treatments resulted in increased root GS activity compared to the control, increasing it by approximately 40% (Figure 2(b) ). Five days after the beginning of the experiment, GS activity was higher for the low than for the high N- (Table 1 ) and were lower after 5 days of incubation, Table 1 . Nitrate (N- No significant differences were observed between the HA and SNP treatments. Ammonium contents were higher for the HA and SNP treatments than for the control. Soluble sugar levels are indicators of the intensity of the root metabolic activity. Soluble sugar concentrations were lower with the low than with high N- (Table 1) . Soluble sugar contents were higher for the HA and SNP treatments than for the control, showing that soluble sugars may provide energy for growth and nutrient uptake in transformed basil roots.
Free amino-N concentrations were higher for the HA and SNP treatments than for the control ( Table 1 ). The N- (Figure 3(b) ). This higher activity may be related to the N- Bright field microscopy showed differences in the root tip pattern. Dark-field light microscopy showed differences in the pattern of root tip development.
Roots from the HA treatments were lighter and those from the SNP treatments were slightly lighter than roots from the control, under both the low and high N-3 NO − supply (Figure 4(a) ).
The effect of the HA and SNP treatments at low or high N- These changes can apparently generate low-molecular-weight subunits/fragments such as auxins, which can potentially induce changes in plant cell metabolism.
Discussion
Auxins have been suggested to act on root development [6] and are present in soil organic matter [8] . Auxin signaling leads to pericycle cell division, with the formation of mitotic sites, which are lateral root precursors [36] .
Root growth and development are highly responsive to nutrient availability [37] and inorganic N accessibility and input; N sources such as
and NO should therefore be highlighted [38] . In the present study, induction of the root growth by 3 NO − and NO was observed (Figure 1) . In contrast to a previous report [39] , the HA treatment with the low N- production. In the present study, the HA treatment had a positive effect on NR activity (Figure 2(a) ). SNP addition resulted in similar responses to the HA treatments, except for the lower NR activity with the higher N- In the present study, the HA and SNP treatments were observed to affect the evaluated parameters, under both N- (Table 1) , depending on proton gradient generation by H + -ATPases.
In the present study, high N-4 NH + concentrations and GS activity were ob-
served in the tissues of transformed basil roots ( In the present study, HA and SNP application significantly increased plasma membrane (PM) ATPase activity compared to the controls under both N- root primordia and cell differentiation [46] . In the present study, the application of HA and SNP increased the H + -PPase activity, in agreement with [5] .
Considering what was discussed above, and accepting the role of NO on root growth promotion [11] [12] [13] , the present results indicate that HA addition promoted an increase in NO levels. This process was analyzed by fluorescence microscopy ( Figure 4 and Figure 5 ), and similar responses to those previously observed for the addition of auxin were found [14] . This result agrees with [5] , who observed increased NO levels in corn roots in response to the HA addition.
HA and SNP application caused increases in root growth, and partially reverted the root growth inhibition caused by the higher N- ROS are considered part of the plant oxidative burst under detrimental conditions [7] . However, recent evidence has shown that they play specific roles in plant growth regulation and cell signaling [7] [47]. The HA and SNP treatments Root growth (Figure 1) , together with the ROS production observed for the HA and SNP treatments ( Figure 5 ), indicate an essential role of ROS in promoting root growth, since they are responsible for polysaccharide cleavage, resulting in cell wall loosening and enlargement. The cell wall is a dynamic anatomical structure, with an important role on cell growth regulation [50] . Metabolism of ROS plays a decisive role in cell differentiation and development.
Therefore, the H 2 O 2 resulting from oxidative unbalance may act as a secondary messenger, inducing the expression of some genes responsible for the induction of morphogenetic processes. Considering the present results, it is proposed that the mechanism of HA action on root growth is mediated by NO and ROS production, which may act as secondary messengers, activating the genes responsible for cell growth.
Conclusion
HA resulted in a significant increase in root growth in basil, in association with increased NO and ROS contents. NO acted on the activation of enzymes such as the proton pumps and promoted N- 
